The most abundant immune cell type is the neutrophil, a key first responder after pathogen invasion. Neutrophil numbers in the periphery are tightly regulated to prevent opportunistic infections and aberrant inflammation. In healthy individuals, more than 1 × 10 9 neutrophils per kilogram body weight are released from the bone marrow every 24 hours. To maintain homeostatic levels, an equivalent number of senescent cells must be cleared from circulation. Recent studies indicate that clearance of senescent neutrophils by resident tissue macrophages and DCs helps to set homeostatic levels of neutrophils via effects on the IL-23/IL-17/G-CSF cytokine axis, which stimulates neutrophil production in the bone marrow. However, the molecular events in phagocytes underlying this feedback loop have remained indeterminate. Liver X receptors (LXRs) are members of the nuclear receptor superfamily that regulate both lipid metabolic and inflammatory gene expression. Here, we demonstrate that LXRs contribute to the control of neutrophil homeostasis. Using gain-and loss-of-function models, we found that LXR signaling regulated the efficient clearance of senescent neutrophils by peripheral tissue APCs in a Mer-dependent manner. Furthermore, activation of LXR by engulfed neutrophils directly repressed the IL-23/IL-17/G-CSF granulopoietic cytokine cascade. These results provide mechanistic insight into the molecular events orchestrating neutrophil homeostasis and advance our understanding of LXRs as integrators of phagocyte function, lipid metabolism, and cytokine gene expression.
Introduction
Neutrophils are the most abundant cell type in the immune system and play critical roles in host defense against pathogens. In healthy individuals, neutrophil half-life is exceedingly short, with estimates ranging from 3-12 h in a variety of animal and human studies (1) (2) (3) (4) (5) . It has been estimated that 10 9 -10 11 neutrophils are released into the circulation from the bone marrow on a daily basis (6) . Accordingly, an equivalent number of senescent neutrophils must be removed from the circulation to maintain homeostasis. Apoptotic or aged neutrophils are cleared primarily by resident tissue macrophages in the liver, spleen, and bone marrow (7) (8) (9) (10) (11) . Perturbation of peripheral neutrophil homeostasis affects innate and adaptive immunity and may result in life threatening infections or autoinflammatory/autoimmune disease. Thus, understanding the mechanisms that regulate granulopoiesis, release and clearance of neutrophils is of interest to the immunologic, infectious disease, rheumatology and cancer fields.
An important feedback relationship between peripheral clearance of apoptotic neutrophils and bone marrow release has recently been uncovered. Ley and colleagues have shown that extravasation and phagocytosis of apoptotic neutrophils in the spleen and liver regulates granulocyte release from the bone marrow (10, 12) . Examination of genetic models deficient in leukocyte extravasation revealed that phagocytosis of apoptotic neutrophils represses expression of IL-23 by resident tissue macrophages and DCs. In the absence of efficient phagocytosis, IL-23 production is elevated, resulting in the secretion of IL-17 from αβ and γδ T cells. In turn, IL-17 induces G-CSF production in the bone marrow that stimulates granulopoiesis and efflux from the bone marrow (10, 12, 13) . Although it is clear that phagocytosis of apoptotic neutrophils negatively regulates IL-23 production, the molecular mechanism by which engulfment of senescent neutrophils quells IL-23 production remains largely unknown.
Liver X receptor α (LXRα) and LXRβ (encoded by Nr1h3 and Nr1h2, respectively) are oxysterol-activated nuclear receptors that regulate cholesterol homeostasis (14, 15) . Activation of LXRs drives the expression of genes involved in reverse cholesterol transport, biliary excretion and intestinal absorption (16) . In addition, LXR signaling negatively regulates inflammation via repression of inflammatory gene expression (17, 18) . LXRs have emerged as modulators of inflammation in an array of metabolic, inflammatory, infectious and autoimmune diseases (17, (19) (20) (21) (22) (23) (24) (25) . Despite advances in understanding the mechanisms of LXR-dependent lipid metabolic and inflammatory gene regulation, it remains unclear why these 2 processes should be tightly linked in innate immune cells. Herein, we report that LXRs play a previously unrecognized role in controlling peripheral neutrophil homeostasis via the coordinate regulation of senescent neutrophil clearance and granulopoietic cytokine expression.
Results

LXRs regulate neutrophil homeostasis in young mice.
To assess the ability of LXR signaling to impact neutrophil homeostasis, 6-to 8-week-old WT mice and Nr1h3 -/-Nr1h2 -/-mice (referred to herein as LXRαβ -/-) were injected i.p. with PBS or 3% thioglycolate (26) . After 3 hours, peritoneal fluid was collected, and the composition of the lavage was assessed by flow cytometry ( Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI58393DS1). As expected, the cell populations in lavage fluid from WT and LXRαβ -/-mice injected with PBS contained less than 1% neutrophils (defined as GR-1 hi CD11b hi MHC class II -; Supplemental Figure 1B ). Thioglycolate-challenged WT and LXRαβ -/-mice showed similar increases in neutrophil composition of the lavage fluid (Supplemental Figure 1B) , consistent with normal extravasation of LXRαβ -/-neutrophils into the peritoneal space.
Unexpectedly, complete blood counts (CBCs) revealed a modest leukocytosis in LXRαβ -/-mice, characterized by a 2-fold increase in circulating neutrophils ( Figure 1 , A and B, and Supplemental Figure 2A ). Peripheral rbc counts from LXRαβ -/-mice were normal ( Figure 1C) , and no significant differences in metamyelocytes or band cells were noted on histological examination of peripheral blood smears (data not shown), which indicates that circulating neutrophils in LXRαβ -/-mice are mature.
To test whether LXR signaling influences neutrophil homeostasis, WT and LXRαβ -/-mice were pulsed with a single injection of BrdU, and the frequency of Ly6G + GR-1 hi CD11b hi BrdU + cells was assessed in peripheral blood for 4 days (27) . Fluorescence-activated cell sorting (FACS) analysis revealed that the frequency of circulating BrdU + neutrophils in WT mice peaked on day 3 at approximately 10% of total Ly6G + GR-1 hi CD11b hi cells and returned to background staining by day 4 ( Figure 1 , D and E, and Supplemental Figure 2B ). In contrast, circulating BrdU + neutrophils from LXRαβ -/-mice represented greater than 21% of total neutrophils in peripheral blood on day 3 (P < 0.01; Figure 1 , D and E). Moreover, a substantial population of BrdU + neutrophils (4% of total Ly6G + GR-1 hi CD11b hi cells) remained detectable in the circulation on day 4 ( Figure 1E and Supplemental Figure 2B ). Thus, LXR signaling regulates the number of neutrophils released from bone marrow into the circulation and affects neutrophil turnover.
We next sought to determine whether global activation of LXR exerts an opposite effect on circulating neutrophil counts. The synthetic LXR agonist GW3965 (28) was administered to WT C57BL/6 mice for 3 days, and CBCs were performed. Strikingly, GW3965 administration suppressed circulating neutrophil counts in WT mice (P = 0.02, Figure 1F ), but had no effect in LXRαβ -/-mice. Taken together, these data indicate that both gain and loss of LXR activity affects peripheral neutrophil homeostasis.
Genetic deletion of LXR does not intrinsically alter neutrophil development or survival. We initially considered that LXR might intrinsically affect granulopoietic cell development or lineage commitment. To formally address this possibility, we performed CFU assays on whole bone marrow from WT and LXRαβ -/-mice. Phenotypic and quantitative assessment of plates on days 8-12 revealed no significant differences in the quantity, morphology, or phenotype of granulopoietic colonies formed under standard differentiation conditions ( Figure 2A ). FACS analysis revealed no significant difference in the frequency of GR-1 hi CD11b hi myeloid cells in the bone marrow of young LXRαβ -/-compared with control mice ( Figure 2B ). Similarly, no difference in granulocyte precursors was noted in peripheral smears ( Figure 2C ). Thus, the leukocytosis noted in CBCs of LXRαβ -/-mice did not appear to result from a requirement for LXR signaling during granulopoiesis.
An alternative possibility is that the increased number of neutrophils we observed in LXRαβ -/-mice reflects differences in neutrophil life span (1) (2) (3) (4) (5) . Neutrophils were purified to greater than 95% from bone marrow and cultured in media containing 10% or 1% serum. No difference in the number of dead LXRαβ -/-and WT neutrophils was noted at 18 or 40 hours, either in complete media or under proapoptotic conditions ( Figure 2D ). These data suggest that LXR signaling in the neutrophil itself does not intrinsically affect cell survival.
No evidence for a generalized proinflammatory state in young LXRαβ -/-mice. LXRs have established roles in controlling inflammatory gene expression (17, 18) . Therefore, it is possible that the increase in circulating neutrophil numbers we observed in LXRαβ -/-mice is a consequence of chronic inflammatory cytokine expression. Serum from young 6- to 8-week-old WT and LXRαβ -/-mice was collected, and the circulating levels of inflammatory cytokines were determined by Luminex assays. Importantly, no significant difference in circulating inflammatory/neutrophilic cytokine levels was noted in these young mice (Supplemental Figure 3A) . Consistent with our recent report that LXRαβ -/-mice acquire an age-dependent lupus-like disease (29), 9-month-old LXRαβ -/-mice showed derangement in a broad array of cytokines involved in inflammatory and allergic immune responses (Supplemental Figure 3B) . Nevertheless, the lack of evidence for alterations in circulating inflammatory cytokines in young LXRαβ -/-mice argues against generalized inflammation being the basis of the neutrophil phenotype.
Accumulation of apoptotic neutrophils in spleen and liver of LXRαβ -/-mice. Our BrdU labeling data indicated that LXR signaling affects neutrophil turnover. Senescent neutrophils are primarily cleared from the circulation by tissue phagocytes in the liver, spleen, and bone marrow (8, 10) . As we did not observe a difference in the bone marrow compartment, we examined the spleen and liver of young LXRαβ -/-mice for evidence of accumulating neutrophils. Consistent with previous reports (29) , loss of LXR did not affect total nucleated cell numbers in spleen (Supplemental Figure 4A) . Analysis of spleen, liver, and LN from LXRαβ -/-mice consistently revealed a 3- to 10-fold increase in the frequency of GR-1 hi CD11b hi MHC class II -cells as well as their absolute numbers (P = 0.008) compared with WT mice (Figure 3 , A, B, and D, and Supplemental Figure 4B ). The accumulation of neutrophils was not a generalized process in LXRαβ -/-tissues, as we did not find evidence of proinflammatory cytokines or neutrophilic infiltrates in nonlymphoid compartments, such as the peritoneal cavity or skin (Supplemental Figure 1B and Supplemental Figure 6C ). Loss of both LXRα and LXRβ appeared to be required for alterations in neutrophil homeostasis, because CBCs from age-matched LXRα and LXRβ single-knockout mice were no different from their WT counterparts, and an accumulation of GR-1 hi CD11b hi MHC class II -cells was not observed in spleen of LXRα or LXRβ single-knockout mice (Supplemental Figure 4 , C-E).
GR-1 and CD11b can be variably expressed on both myeloid and monocytic lineages (30) . Thus, we also examined these cells for expression of the alternative neutrophil markers Ly6G or MCA771 (30, 31) . We found an equivalent increase in Ly6G + CD11b hi MHC class II -cells and MCA771 hi CD11b hi MHC class II -cells in spleens of LXRαβ -/-mice (Supplemental Figure 5A ). To confirm that the cells accumulating in LXRαβ -/-mice were bona fide neutrophils, splenic CD11b hi GR-1 hi cells were subjected to FACS. H&E staining of splenic CD11b hi GR-1 hi FACS-sorted cells demonstrated that these cells were enriched for mature PMNs ( Figure  3C ). We also considered the possibility that the accumulation of GR-1 hi CD11b hi MHC class II -cells in spleen is a function of increased extramedullary hematopoiesis. However, CFU assays revealed little difference in hematopoietic potential between WT and LXRαβ -/-splenocytes (Supplemental Figure 5B) .
Activation of neutrophils alters the expression pattern of CD11b and CD62L. Phenotypic examination of SSC hi GR-1 hi cells in LXRαβ -/-spleen and LN demonstrated that these cells expressed WT levels of CD62L and CD11b (Supplemental Figure 6A ). These findings suggested that the neutrophils in periphery of young LXRαβ -/-mice were likely in a quiescent state. FACS analysis further revealed an approximately 5-fold increase in intracellular cleaved caspase-3 in LXRαβ -/-splenic GR-1 + CD11b + cells compared with control WT splenic cells (P < 0.001, Figure 3 , E and F). Taken together, these data indicate that LXRαβ -/-mice accumulate increased numbers of apoptotic neutrophils in spleen. 
LXR signaling regulates the IL-23/IL-17 granulopoietic signaling axis.
The IL-23/IL-17 cytokine signaling cascade plays a critical role in regulating neutrophilic responses (10, 12, 32) . Secretion of IL-23 from DCs and macrophages induces IL-17 production from IL-23 receptor-bearing T lymphocytes (33) . In turn, IL-17 induces stromal cells in the bone marrow to produce G-CSF, resulting in the release of mature neutrophils into the circulation (13) . To test whether LXR signaling regulates the IL-23/IL-17 granulopoietic cytokine axis, we cultured WT myeloid bone marrow-derived DCs (BMDCs) in low-serum conditions to reduce background LXR activity. Cultures were then treated with GW3965 or vehicle for 18 hours and activated with LPS. After 5 hours of LPS activation, mRNA was collected, and gene expression was analyzed by real-time PCR. Unstimulated DCs produced little Il23a, Il12a, or Il12b mRNA, and LPS stimulation robustly induced their expression ( Figure 4A ). Remarkably, activation of LXR with GW3965 strongly reduced Il23a and Il12b expression, but had little effect on Il12a expression. We next asked whether IL-23 expression is dysregulated in the absence of LXR signaling. mRNA from WT and LXRαβ -/-myeloid BMDCs was collected on day 7 of culture, and basal expression of Il23a and Il12b was indeed higher in LXRαβ -/-myeloid BMDCs than in the WT counterparts ( Figure 4B ).
Phagocytosis of neutrophils has previously been shown to repress inflammatory gene expression in APCs (10) . Thus, we asked whether apoptotic neutrophils modulate Il23a gene expression in an LXR-dependent manner. Thioglycolate-elicited WT and LXRαβ -/-macrophages were stimulated with LPS and cocultured with apoptotic WT neutrophils. As expected, engulfment of apoptotic neutrophils significantly decreased LPS-induced IL23a expression in WT macrophages (P < 0.001, Figure 4C ). The antiinflammatory effect of apoptotic neutrophils was markedly reduced in the absence of LXR (P < 0.01, Figure 4C ). These data indicate that LXR mediates tolerogenic signals generated from phagocytosis of neutrophils in APCs.
A logical prediction originating from our data is that basal IL-17A production from T cells should be constitutively elevated in LXRαβ -/-mice. To test this prediction, we examined ex vivo cytokine production from WT and LXRαβ -/-splenic T cells iso- lated from 6- to 8-week-old mice. Strikingly, intracellular staining revealed that approximately 5-fold more splenic LXRαβ -/-T cells were producing IL-17A than were their WT counterparts (P < 0.01, Figure 4 , D and E). To rule out the possibility that the increased frequency of IL-17-producing T cells in LXRαβ -/-T cells reflected an increased inflammatory state in the spleen, we also examined IFN-γ and IL-2 expression. However, we observed no difference in the frequency of IFN-γ- or IL-2-expressing WT and LXRαβ -/-T cells ex vivo (Supplemental Figure 6B) . Thus, the increased frequency of IL-17A-producing cells is likely to be a specific response rather than a reflection of generalized inflammation.
LXR signaling regulates phagocytosis of apoptotic neutrophils. Senescent neutrophils are cleared by phagocytes in the spleen, liver, and bone marrow (7, 8, 10) . Thus, a deficiency in the frequency of tissue macrophages or DCs in LXRαβ -/-mice might translate into a reduced clearance of aged neutrophils. To address this possibility, we examined the expression of tissue macrophage-associated genes in liver and spleen. Surprisingly, we observed a significant increase in Cd68, Emr1 (F4/80), and Itgam (CD11b) gene expression suggestive of an increased number of macrophages in liver and spleen of LXRαβ -/-mice (Supplemental Figure 7A ). FACS analysis also demonstrated a trend toward increased numbers of DCs and macrophages in LXRαβ -/-splenocytes (Supplemental Figure 7B) . Thus, the accumulation of apoptotic neutrophils in spleen and liver of LXRαβ -/-mice does not appear to be a function of decreased numbers of tissue macrophages and DCs. However, we cannot rule out the possibility that a specific subset of phagocytes is dysfunctional or absent in LXRαβ -/-mice.
We next asked whether LXR signaling regulates the capacity of macrophages to phagocytose apoptotic neutrophils. To address this, we cultured WT and LXRαβ -/-thioglycolate-elicited perito-
Figure 5
LXR regulates phagocytosis of aged neutrophils in vitro and clearance in vivo. (A) Decreased phagocytosis of apoptotic neutrophils by LXRαβ -/-macrophages. Thioglycolate-elicited, aged peritoneal WT neutrophils were labeled with CMFDA (cell tracker green) and cocultured with thioglycolateelicited macrophages (labeled red with CMPTX) for 90 minutes. Cultures were extensively washed with cold PBS and enzyme free cell dissociation buffer to remove non-and semiadherent neutrophils. Quantification of engulfed neutrophils was determined by confocal microscopy. In vitro engulfment assays are a composite of 5 individual experiments performed in triplicate. (B) LXR signaling promoted phagocytosis of apoptotic neutrophils. WT and LXRαβ -/-macrophages were pretreated with GW3965 (1 μM) for 18 hours and then cultured with apoptotic neutrophils as above. (C and D) In vivo clearance of purified lysM-EGFP + bone marrow neutrophils from spleen of WT and LXRαβ -/-mice 40 hours after adoptive transfer. Percent GFP + Ly6G + cells in total spleen is indicated. GFP neutrophil counts were computed by determining total nucleated splenocyte counts and multiplying by the frequency of GFP + Ly6G + cells. In vivo neutrophil clearance FACS plots are representative of 4 mice. **P < 0.01, ***P < 0.001.
neal macrophages with aged WT neutrophils for 90 minutes and quantified engulfment by confocal microscopy. As expected, WT macrophages engulfed a significant fraction of aged neutrophils, but LXRαβ -/-macrophages were far less efficient in their phagocytosis (P < 0.001, Figure 5A ). In complementary experiments, we asked whether pharmacological activation of LXR could increase neutrophil uptake. WT macrophages were treated with GW3965 18 hours before challenge with aged neutrophils; after an additional 90 minutes, cells were analyzed to determine phagocytosis. Activation of LXR increased phagocytosis nearly 2-fold in WT macrophages, but not LXRαβ -/-macrophages (P < 0.01, Figure  5B ), indicative of a receptor-dependent effect.
To determine whether this LXR-dependent mechanism of neutrophil clearance is operative in vivo, GFP + neutrophils (34) were purified from bone marrow and immediately injected i.v. into WT and LXRαβ -/-mice. Mice were sacrificed 18 and 40 hours after transfer, and the number of Ly6G hi CD11b hi GFP + cells in spleen and bone marrow was determined by flow cytometry. 18 hours after adoptive transfer, no significant difference in the frequency or number of GFP + cells was observed in spleen (Supplemental Figure 8A ). At 40 hours after adoptive transfer, few Ly6G hi GFP + cells were detectable in spleen of WT mice ( Figure 5 , C and D). In contrast, a significant number of GFP hi and GFP int/lo cells was still detectable in LXRαβ -/-mice (P < 0.001, Figure 5 , C and D). Interestingly, no difference in the frequency of GFP hi cells was noted in WT and LXRαβ -/-bone marrow (Supplemental Figure 8B ), which suggests that LXR signaling does not influence neutrophil clearance in bone marrow. Nevertheless, in combination with our BrdU labeling data, these results support the concept that LXR signaling affects the clearance of peripheral neutrophils in vivo. Moreover, these data strongly suggest that the accumulation of apoptotic neutrophils observed in the periphery of LXRαβ -/-mice is not the result of an intrinsic function of LXR in the neutrophil population.
Figure 6
The LXR/MER axis regulates neutrophil clearance and homeostasis. (A) Mertk, Gas6, and Axl gene expression from WT and LXRαβ -/-thioglycolate-elicited peritoneal macrophages treated with GW3965 (1 μM) or cocultured with aged neutrophils for 18 hours. Data are representative of 3 experiments performed in triplicate. (B and C) Confocal microscopy images (B) and quantification of neutrophil phagocytosis (C). WT thioglycolate-elicited peritoneal macrophages were treated with control IgG or anti-Mer Ab and then cocultured with aged neutrophils for 90 minutes. Subsequently, cultures were extensively washed with cold PBS and enzyme free cell dissociation buffer to remove non-and semiadherent neutrophils. Cells were stained for CD68 expression and Ly6G expression to distinguish macrophages from neutrophils (original magnification, ×400), and the phagocytic index was determined. 
Phagocytosis of aged neutrophils is dependent on the LXR/MER axis.
The molecular events underlying the efficient clearance of senescent neutrophils by macrophages and DCs remain poorly defined. To determine whether phagocytosis of apoptotic neutrophils activates LXR, WT and LXRαβ -/-thioglycolate-elicited macrophages were fed purified aged neutrophils. After 90 minutes, unengulfed neutrophils were washed from cultures, and LXR target gene expression in adherent macrophages was determined. In untreated LXRαβ -/-macrophages, gene expression of Mertk was less than 50% that of WT controls ( Figure 6A) . Strikingly, engulfment of apoptotic neutrophils increased expression of the LXR target genes Mertk and Abca1 ( Figure 6A and Supplemental Figure 9A ). An increase in the Mertk ligand Gas6 was also observed in response to phagocytosis of aged neutrophils; however, this upregulation was not LXR dependent ( Figure 6A ). Upregulation of Axl was not observed in response to engulfment of apoptotic neutrophils, whereas Tyro3 was not detectable in macrophages ( Figure 6A) . A similar expression pattern of TAM receptors was observed in myeloid BMDCs (Supplemental Figure 9B) , which indicates that LXR signaling also influences expression of Mertk on myeloid DCs.
To directly test whether the Mer receptor mediates phagocytosis of apoptotic neutrophils, we cocultured thioglycolate-elicited WT macrophages or bone marrow-derived macrophages with apoptotic neutrophils in the presence of anti-Mer blocking antibodies. After 90 minutes, cultures were extensively washed and analyzed by confocal microscopy to determine the frequency of neutrophils engulfed by macrophages. Antibody blockade of Mer significantly reduced the phagocytosis of aged neutrophils by WT macrophages (P = 0.002, Figure 6 , B and C; P = 0.017, Supplemental Figure 10) .
Finally, our observation that engulfment of apoptotic neutrophils upregulated Mertk and Gas6 expression led us to hypothesize that the Gas6/Mer axis affects peripheral neutrophil homeostasis. To address this, we examined spleen, peripheral blood, and bone marrow of 5-week-old Mertk -/-or Gas6 -/-animals for alterations in neutrophil frequency. We observed a significant increase in the frequency of GR-1 hi CD11b hi cells from peripheral blood and spleen, but not bone marrow ( Figure 6 , D and E, and Supplemental Figure 11) , reminiscent of the phenotype of LXRαβ -/-mice. Importantly, these changes in neutrophil homeostasis developed before any observable alterations in peripheral immune cell composition were observed. Thus, the LXR/Mer/Gas6 phagocytic axis influences peripheral clearance of neutrophils in the absence of overt signs of systemic inflammation. Taken together, these data indicate that LXR plays a key role in regulating the engulfment of senescent neutrophils by controlling the processes of lipid efflux, phagocytosis, and granulopoietic cytokine gene expression in APCs.
Discussion
In the present study, we used complementary gain- and loss-offunction approaches to demonstrate that LXR signaling influences neutrophil homeostasis. We previously reported that LXRαβ -/-mice acquire age-dependent lymphadenopathy, splenomegaly, and lupus-like disease (29) . Further analysis of young LXRαβ -/-mice (6-8 weeks old) here revealed markedly increased numbers of neutrophils in peripheral blood, spleen, and liver. We determined that the mechanism underlying this dysregulation was decreased peripheral clearance, rather than a difference in neutrophil production or survival. Our present data also indicated that LXRs play an important role in regulating neutrophil homeostasis through the control of the IL-23/IL-17 granulopoietic cytokine axis. Finally, we provided evidence that clearance of aged neutrophils in the periphery relies, at least in part, on LXR-dependent expression of the phagocytic receptor Mer and that genetic disruption of the Gas6/Mer axis also perturbs peripheral neutrophil numbers. Collectively, the data presented herein help to delineate molecular events controlling peripheral neutrophil homeostasis (Supplemental Figure 12) . They also provide an additional physiological context in which to understand the dual functions of LXR nuclear receptors as regulators of both lipid metabolism and cytokine expression in APCs.
Several lines of evidence support the conclusion that the neutrophil phenotype in LXRαβ -/-mice is a function of decreased clearance by resident liver and splenic macrophages. LXRs did not intrinsically regulate neutrophil development in the bone marrow, as determined by CFU assays; however, BrdU uptake assays clearly demonstrated that LXR signaling regulated neutrophil turnover in vivo. Mechanistic studies revealed that LXRαβ -/-macrophages engulfed significantly fewer neutrophils than their WT counterparts. Conversely, LXR agonists increased the phagocytic capacity of WT neutrophils. Adoptive transfer of bone marrow neutrophils confirmed defective clearance by LXRαβ -/-macrophages in vivo. Finally, systemic administration of the LXR agonist GW3965 significantly reduced the frequency of circulating neutrophils in WT mice, but not LXRαβ -/-mice. LXRs have a well-defined antiinflammatory effect through the repression of inflammatory gene expression. Our data provide evidence that LXR signaling also plays a critical role in controlling immune cell homeostasis in the absence of overt inflammation.
A likely effector of LXR signaling on neutrophil clearance is the apoptotic cell receptor Mer, which we have previously shown to be a transcriptional target of LXR (29) . Antibody blockade of Mer receptor significantly diminished the engulfment of aged neutrophils in macrophages. These data are consistent with recent reports using human and mouse systems (35, 36) . Interestingly, phagocytosis of apoptotic neutrophils upregulated expression of Mertk and its ligand partner, Gas6, but had no effect on expression of other TAM receptors in macrophages. Importantly, upregulation of Mertk in response to neutrophil engulfment was LXR dependent. These data suggest that tonic signaling through the LXR/Mer axis is required to control peripheral neutrophil homeostasis. Indeed, examination of mice deficient in Mer or Gas6 revealed similarly increased numbers of neutrophils in the circulation and spleens of young mice.
However, it was clear that the majority of neutrophil clearance was preserved in mice deficient in LXR, Mer, or Gas6. Thus, additional phagocytic pathways are likely to be involved. In support of this concept, we observed no difference in the neutrophil counts from bone marrow of LXRαβ -/-, Mer -/-, or Gas6 -/-mice, nor did we observe a difference in the accumulation of adoptively transferred neutrophils in the bone marrow of LXRαβ -/-mice (Supplemental Figure 8B) . Given that the bone marrow is also an important site of aged neutrophil phagocytosis (37), we surmise that neutrophil clearance mechanisms occur in a tissue-specific manner. In the future, it will be of interest to examine other models of defective phagocytosis to determine the relevant receptor/ligand signaling axes involved in apoptotic neutrophil clearance.
Ley and colleagues have elegantly shown that clearance of peripheral neutrophils by phagocytes contributes to a feedback loop controlling bone marrow granulopoiesis (10) . However, the mechanism by which phagocytosis influences granulopoietic cytokine production is not well defined. Our present data indicate that LXR signaling is integral to this mechanism. Phagocytosis of neutrophils (and other apoptotic cells) activates LXRs, which in turn drive the expression of Mer. This positive feedback promotes the beneficial clearance of apoptotic neutrophils from peripheral tissues by macrophages. A second component of this model is the repression of the IL-23/IL-17 cytokine cascade. We showed here that LXR signaling downstream of apoptotic cell engulfment is critical for the repression of IL-23 expression. In the absence of LXR signaling, IL-23 was elevated, resulting in increased IL-17 expression from T cells.
Although LXRαβ -/-mice are known to develop generalized inflammation and frank autoimmune disease with age (29) , our data suggest that the dysregulation of the IL-23/IL-17 cytokine axis is not likely to be secondary to generalized systemic inflammation in young LXRαβ -/-mice. We did not find evidence of proinflammatory gene expression in nonlymphoid compartments, such as skin (Supplemental Figure 6C) , nor did we observe alterations in the frequency of IL-2- or IFN-γ-expressing T cells from spleen and LN of young LXRαβ -/-mice. Furthermore, phenotypic analysis of splenic and LN neutrophils did not reveal evidence of activation. Finally, we could not detect differences in the levels of circulating inflammatory cytokines, including IL-17, which suggests that the signals generated from peripheral tissues influencing neutrophil homeostasis circulate at exceedingly low levels. Thus, we conclude that the initial dysregulation of neutrophilic cytokine cascade in the peripheral lymphoid organs is a specific process, rather than a result of perturbations in inflammation control. Our data are consistent with defective neutrophil clearance being an early and perhaps primary defect in the evolution of autoimmunity in LXRαβ -/-mice. We hypothesize that as LXRαβ -/-mice age, the continued accumulation of senescent neutrophils may lead to loss of tolerance and development of a more generalized inflammatory process.
Our results may have substantial implications for understanding the pathogenesis of autoimmune disease. A prominent granulopoiesis gene signature has been reported in juvenile SLE patients (38) , which suggests an important role for neutrophil homeostasis in the development of lupus. More recently, 2 important studies directly implicated the clearance of activated neutrophils in the pathogenesis of lupus (39, 40) . These studies demonstrate that neutrophils isolated from lupus patients have a higher propensity to release extracellular DNA, also known as neutrophil extracellular traps (NETs), resulting in TLR9-dependent IFN-α production from host plasmacytoid DCs. NETs also contained an array of self-proteins (e.g., HMGBI and LL37) that play a role in augmenting inflammatory responses and have been directly implicated in the loss of self-tolerance. These data clearly indicate that neutrophils play an important role in SLE pathogenesis. We contend that even a modest defect in the clearance of peripheral neutrophils would lead to a significant number of neutrophils accumulating in the spleen and other peripheral lymphoid tissues. The accumulation of neutrophils undergoing cell death in close proximity to immune cells will likely have substantial consequences for activation of host APCs and self-tolerance. Thus, our prior description of an autoimmune disease phenotype in LXRαβ -/-mice (29) fits well with a role for LXR in neutrophil clearance. Future studies must address whether dysregulation of neutrophil homeostasis is a common early feature of models of SLE and the potential for LXR signaling to modify disease pathogenesis.
Methods
Media, reagents, and antibodies. The LXR agonist GW3965 (28) RNA isolation and analysis. Total RNA was isolated from tissues using TRIzol (Invitrogen). 1 μg total RNA was reverse transcribed with random hexamers using the Taqman Reverse Transcription Reagents Kit (Applied Biosystems). Sybergreen (Diagenode or Roche) real-time quantitative PCR assays were performed using an Applied Biosystems 7900HT sequence detector or Roche Light cycler 480 II. Results show averages of at least duplicate experiments normalized to 36B4. Primer sequences are listed in Supplemental Table 1 .
Animals. All animals were housed in a temperature-controlled room under a 12-hour light/12-hour dark cycle and under pathogen-free conditions. LXR-sufficient Nhr1h3 +/+ Nhr1h2 +/+ mice and the LXR-deficient single-knockout Nhr1h3 −/− and Nhr1h2 −/− and double-knockout LXRαβ -/-(Nhr1h3 −/− Nhr1h2 −/− ) mice on a C57BL/6 background (originally provided by D. Mangelsdorf, University of Texas Southwestern Medical Center, Dallas, Texas, USA) were greater than 10 generations backcrossed to C57BL/6. In some experiments, C57BL/6 mice were purchased from Jackson Laboratories. Mertk -/- (41) and Gas6 -/-(42) mice were backcrossed 10 generations to C57BL/6. Control C57BL/6 animals for the experiment involving Mertk -/-and Gas6 -/-animals were housed at Temple University (Philadelphia, Pennsylvania, USA); all others were housed at UCLA. For ligand treatment studies in vivo, mice were fed chow with either vehicle or 0.012% GW3965 for 3-4 days. LysM-EGFP mice (34) were originally provided by T. Graf (Albert Einstein University, New York, New York, USA).
Blood and serum analysis. For serum cytokine studies, blood was extracted through lethal cardiac puncture, then centrifuged at 5,510 g for 5 minutes in CapiJect tubes (Terumo Medical Corp.) to separate the serum. Serum cytokines were analyzed using Luminex protein assays and associated kits (MCYTO-70K; Millipore). For CBCs, 100 μl blood was collected by retroorbital bleed, and CBCs were performed at UCLA's Division of Laboratory Animal Medicine using a Hemavet (Drew Scientific).
Adoptive transfer studies. Mice expressing eGFP + neutophils (lysM-EGFP) were isolated from bone marrow as in Cell culture. Cells were stained for Ly6G and analyzed by FACS to confirm purity greater than 95% and immediately injected into mice intravenously (5 × 10 6 cells). Spleen and bone marrow were harvested at 18 and 40 hours after injection. Single-cell suspensions were analyzed for Ly6G and EGP by flow cytometry to determine frequency of Ly6G + EGP + cells. Absolute numbers of eGFP + cells was determined by multiplying cell frequency by total cell count.
Cell culture. Bone marrow-derived macrophages and thioglycolate-elicited (TG-elicited) peritoneal macrophages were obtained as described previously (43) . Macrophages were cultured in RPMI or DMEM containing 10% FBS. For differentiation of DCs, primary murine bone marrow was harvested and cultured in RPMI 1640 supplemented with 10% FBS, 100 U/ml penicillin, 100 mg/ml streptomycin, 2 mM l-glutamine, 10 mM HEPES (all Gibco; Invitrogen), 50 mM 2-ME (Sigma-Aldrich), and 10 ng/ml GM-CSF for 8 days. The cells were then stimulated with 2 μg/ml LPS (SigmaAldrich) to activate the cells.
To purify bone marrow neutrophils, single-cell suspensions were made by depletion techniques using magnetic beads (Miltenyi; MACS) and a master mix of antibodies, anti-CD5 (clone 53-7.3), anti-Ter119 (clone Ter 119), anti-F4/80 (clone 13-4801-81), anti-CD45R (clone RA3-6B2), anti-CD4 (L3T4) (clone GK1.5), CD117 (c-kit) (clone 2B8), all from eBioscience. Cells were stained for Ly6G expression to confirm purity greater than 95% by FACS.
To purify peritoneal exudate neutrophils, WT mice were injected with 3% thioglycolate i.p. 4-6 hours (26) after injection exudates were pooled, and neutrophils were magnetically sorted using a cocktail of anti-Gr1 and antiCD11b antibodies following by anti-rat IgG microbeads (Miltenyi Biotech) according to manufacturer's protocol. The positively selected fraction was analyzed by flow cytometry resulting in at least 90% pure population.
Intracellular cytokine assay. Single-cell suspensions were incubated for 5 hours with phorbol ester (PMA 50 ng/ml) and calcium ionophore (ionomycin 1 μg/ml) in the presence of brefeldin A (2 μg/ml; BD Biosciences) ex vivo. Cells were stained for surface expression of Thy1, fixed, and permeabilized using Cytofix/Cytoperm kit (BD Biosciences) and stained for intracellular IFN-γ, IL-2, and IL-17 according to the manufacturer's protocol.
Neutrophil cell death assay. Neutrophils were purified from bone marrow as described in Cell culture. Cells were stained for Ly6G expression to confirm purity greater than 95%. Cells were cultured in media and 10% FBS as indicated. Cells counts were performed on a Nexelcom Cellometer optical imager using trypan blue exclusion or stained with PI and annexin V for FACS analysis.
Phagocytosis assays. Peritoneal exudate neutrophils were cultured in RPMI media supplemented with 5% FBS. After 24 hours, more than 75% cells underwent apoptosis, as assessed by flow cytometry by annexin V staining. Apoptotic neutrophils were labeled with CFMDA (Invitrogen), and neutrophils were cultured with macrophages at a 1:10 macrophage/ neutrophil ratio. In vitro phagocytosis assay were performed as previously described (29) . Briefly, primary peritoneal macrophages were recovered from mice injected with 3% thyoglycolate for 3 days or derived from bone marrow. Cells were pelleted and resuspended in RPMI (Cambrex) medium supplemented with 10% FCS (Lonza), and 5 × 10 5 cells were plated on sterile glass coverslips. After incubation with ATs, macrophages were gently washed several times with cold PBS and Cell Dissociation Buffer, Enzyme Free PBS-based (Invitrogen), to remove free apoptotic thymocytes as described previously (29) Cells were then fixed with 2% paraformaldehyde, and phagocytosis was scored with confocal fluorescent microscopy. The phagocytic index (number of cells ingested per total number of macrophages, expressed as a percentage; ref. 29 ) was used as a determinant of phagocytosis. In some studies, macrophages were treated with 1 μM GW3965 in RPMI supplemented with 0.5% FCS prior to addition of apoptotic cells, and phagocytosis assays were performed as described above in RPMI containing 10% FBS. Studies with Mertk blocking antibody were performed in WT and LXRαβ -/-macrophages as previously described (29) . 50 μg/ml of anti-Mertk antibody (R&D Systems) was added to RPMI medium for 3 hours before phagocytosis assays. To image macrophages and neutrophils, cells were stained with CD68-Alexa Fluor 488 from Serotec and Ly6G-biotin (1A8) followed by SA-Alexa Fluor 594 staining.
Colony-forming assays. To determine the myeloerythroid potential of the bone marrow and spleen, tissues were mechanically dissociated, and 3 × 10 4 nucleated cells were plated on 1.5 ml methylcellulose with a cocktail of recombinant cytokines (SCF, IL-6, IL-3, and EPO; MethoCult 3434, Stem Cell Technologies) supplemented by TPO (5 ng/ml). Cultures were plated in triplicate. Colonies were scored based on cell size, color, and morphology on days 7-10.
In vivo BrdU labeling. BrdU labeling assays were performed as previously described (27) . Briefly, BrdU (10 mg/ml in PBS; BD Biosciences) was given by a single i.p. injection (2 mg/mouse). Mice were bled retroorbitally on days 0, 1, 2, 3, and 4. The percentage of BrdU + Ly6G + cells was determined by staining with APC-conjugated Ly6G antibody followed by fixation, permeabilization, and intracellular staining with a FITC-conjugated antiBrdU antibody (BrdU Flow kit; BD Biosciences).
Statistics. Mann-Whitney tests were applied to determine statistical significance using PRISM (GraphPad) for comparison of 2 groups. 1-way ANOVA with Bonferroni post-testing was used for experiments with more than 2 groups; for time course experiments, 2-way ANOVA with Bonferroni post-testing at individual time points was used. All data are presented as mean ± SD except the in vivo BrdU labeling experiment (mean ± SEM). A P value less than 0.05 was considered statistically significant.
Study approval. All animal experiments were approved by the Institutional Animal Care and Research Advisory Committee of UCLA.
